On-chip conductors have a finite thickness and are often composed of different metals. An efficient method to model the broadband resistive and inductive behaviour of such conductors is derived and applied to a few illustrative configurations.
I. INTRODUCTION
In modem high-frequency interconnect structures, the broadband transmission line characteristics are very important for signal integrity. The frequency-dependent resistive and inductive behaviour crucially depends on the material properties and the shape of the conductors as a consequence of current crowding effects at the higher frequencies. The capacitive behaviour is determined by the shape of the conductors and the properties of the dielectric they are embedded in. In this contribution the surface admittance concept as introduced in [1] is used to model thick conductors composed of homogeneous parts with different conductivity. Both coated and layered conductors are considered. A particular advantage of the proposed Dirichlet to Neumann (DtN) technique is the combination of a boundary integral equation and a surface admittance description which exactly accounts for the presence of the finite conductors, yielding correct results up to frequencies at which the skin depth in the conductor is much smaller than its cross-sectional dimensions. This is computationally more difficult to achieve with a volume discretization as e.g. in [2] .
II. INDUCTANCE MODEL
The considered configurations are invariant in the longitudinal z-direction and non-magnetic. They consist of a number of composite conductors embedded in a dielectric substrate. A e-j3Z+jwt dependence is assumed for the fields, which are governed by the quasi-TM equations (see e.g. [2] and [3] ). For each fundamental mode the transmission line characteristics are described by the telegrapher equations j,3V = jw I = (R + jwL) I and j31= jwC V = (G + jwC)V, (1) in which V and I denote the circuit voltages and currents, and with L and C the complex inductance and capacitance matrices. For each composite conductor p, the electric potential b is a constant Vp on its outer boundary and satisfies the diffusion equation
inside each homogeneous subregion Si with conductivity vi. On the inner boundaries between different metals, q is therefore not equal to Vp. Hence, the theory of [1] cannot readily be extended to composite conductors.
For a rigorous description, an equivalent problem (denoted with the subscript 'eq') needs to be formulated, replacing all materials by volume sources in free space. The dielectric substrate of the conductors has no influence on the inductance problem and is therefore no longer considered. We first express the longitudinal electric field Ez in terms of the scalar potential 4Oeq and the vector potential Aeq of the equivalent problem as Ez = j/3eq -jwAz,eq.
A careful analysis, the details of which will not be presented here, shows that all fields in the equivalent free space formulation are identical to those in the original problem (as should be). This is also the case for the scalar and vector potential outside the conductors. However, inside each conductor /eq satisfies Laplace's equation and hence Oeq = Vp throughout the cross-section of conductor p. This is in particular the case at each metal-metal boundary inside conductor p.
In the same way as in [ B. Example 2: coated conductors Consider the transmission line structure shown in Fig. 3 , taken from [4] . It consists of three signal conductors (numbered 1 to 3) that are placed between two larger reference conductors. Each of the signal conductors (with dimensions of 238 nmx 500 nm) consists of copper, with a 1Onm thick chromium coating covering all sides except for the top side. In Fig. 4 , some elements of the inductance matrix L and the resistance matrix R are shown. The simulation results for the coated signal lines (denoted as 'coated Cr/Cu') are compared to two situations with homogeneous signal conductors, on the one hand full copper signal lines (denoted with 'homog. Cu'), and on the other hand full chromium signal lines ('homog. Cr'). The reference conductors remain unchanged (i.e. copper).
The inductance matrix L is entirely determined by LI,, L12, L13 and L22, because of reciprocity and the symmetry of the configuration. From those elements, only LI, is not shown, as it is quite similar to L22. The corresponding resistance results are shown on the right of Fig. 4 . For the highest shown frequencies (approaching the limit of validity of the quasi-TM approximation), the skin depth in the coated lines becomes very small (6c, = 6.6nm, SCr = 18.1 nm at 1OOTHz), and a large fraction of the current flows through the less conducting coating. For an increasing frequency, the resistance R22 increases therefore more rapidly for the coated conductors than for the homogeneous copper conductors. Note that R13 for 'homog. Cr' and 'coated Cr/Cu' becomes negative from a certain frequency onwards, and is from there onwards not shown on these logarithmic curves. The total resistance matrix however remains positive-definite, as required for a lossy structure. 
